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SUMMARY

Fires burning simultaneously over hundreds of square kilometers

could be one result of a nuclear weapon explosion. The strong

buoyancy field of such large area fires induces high-velocity fire

winds that turn upward in the burning region and vertically transport

a large quantity of water vapor. In this report, we numerically model

the rise of moisture-laden, free-convection columns and examine the

development of clouds as a function of relative humidity, fire size, •

and burning or heat release rate. The rise is controlled prlncipally

by the fire heat release and the atmospheric stratification. In most

of our simulations, enough moisture is lofted to form large cumulus

clouds early in the plume development.
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PREFACE
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CONVER~SION TABLE

Conversion factors for U.S. Customary to metric (SI) units of measurement

MULTIPLY p BY piTO GET
TO GET ABY 4 DIVIDE

agto.1. 000 000 X E -10 meters (in)

atmosphere (normal) 101325 XE .2 kilo Pascal )kPa) 'S

bar 1.000 000 X E .2 kilo Pascal )kPa)r

barn 1.000O000X E -28 mete r 2(m 2

British thermal unit (thermochemnical) 1. 054 350 X E +3 joule (J)

calorie (thermochemical) 4. 184 000 joule WJ

cal (thermochemical) /cm 2  4. 184 000 X E -2 mega joule/rn2 (MJ/m 2

curie 3 0 0 X£. giga becquerel IGlq)
degree (angle) 1. 745 329 X E -2 radian (rad)
degree Fahrenheit 1, = Wtf - 4 59. 67)/A. 8 degree kelvin (K)

electron volt 1.602 19 X E -19 joule (J)

erg 1.000 000 X E -7 joule (J)
e rg /second t 1.000 000 X E -7 watt (W)

foot 3.048 000 X E-1 meter (mn)

fo-on-force 1.355 818 joule (J

galnR .liquid) 3. 785 412 XE-3 mter (m

Inch 2. 540 000 X E -2 meter Win

jerk 1.000 000OXE .9 jouleIJW

joule/kilogram 0J/1%) (radiatiort dose
absorbed) I 1.000 000 Gray (Gy)

kilotons 1 4-183 terajoulea
kip 11000 lb() 4.448 222 XE .3 nwton (N)
kip/inch 2 (kiii) 6 894 757 X E .3 kilo Pascal (kPa)
ktap newton- -scond/m1.0 OOOX E +2 (N-e/ml)

micron 1 00 000OX E -fi meter (m)

mit 2.540 000 XE -5 meter (in)

mile (international) 1. 609 344 X E 43 meter (ml

ounce 2.834 952 X E -2 kilogram (kg)
pound -force ibs avoirdupois) 4.448 222 newtont (N)
pound -force inch 1.129 848 X E -1newton -meter (N - i-)
pound -force /inch 1. 751 268 X E . 2 newton/meter (N/mi
pound -fo re/foot 2  

4. 788 026 X E -2 kilo Pascal (liPs)
pound -force/tnch I(pail) 6. 894 757 kilo Pascal (kPs(

pound-mass (Ibm avoirdupois) 4. 535 924 X E -1 kilogram (kg) q
2Npound -mass -foot 2(moment of inertial Ikilogram-meter 2

4,214 011 X E -2 (kgin2 )

pounid-mass/foot 
3  kilogram/meter3

1 601 846 X E.1 1kg /in 3)

rad (radiation dose absorbed) 1.000O 000 X E -2 -Gray (Gy)
roentgen coulomb /kilogram%

2, 579 760 XE -4 IC/kig)
shake I 1 000 000X E -8 .second (s)
slug 1 459 390 XE .1 kilogram (IV)
torr (mm 14g. 0'C) 1. 333 22 XE -1 kilo Pascal (k.Pa)

-The becquorvi (Sql is the SI unit of radioactivity; 1 Bq - 1 event/si.
--The Grav (G) is the SI unii of absorbed radiation.b
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SECTION 1

INTRODUCTION

A nuclear burst over an urban area is likely to cause a large

number of fires. The initial distribution of ignitions is related to

the thermal radiation output of the bomb and the disruptive effects

(secondary ignitions) of the blast wave. The precise distribution of

fire starts depends on the city structure, weapon yield, and height of

burst. It is reasonable to assume a frequency of ignitions decreasing

with distance from the burst. For a I-MT weapon, ignitions are likely

as far as 10 km from the burst; for smaller yields, the range

decreases.

Initially, many thousands of fire starts would be distributed

across an urban area. Not all buildings would be involved simul-

taneously, but it is likely that all would eventually burn. That was

suggested by the area fires that occurred at Hamburg, Dresden,

Hiroshima, etc. [Bond, 19463. During the course of an area fire,

which may last several hours, some structures would be actively burn-

ing, some would be in preliminary stages of involvement, and others

would have already completely burned out. The spread responsible for

the continual burning (or heat release) of the city is limited to the

area of fire starts. That is, a large area is not burned by a front

sweeping across a city, but rather, by an evolving complex of fires.

Energy would be released over a large area rather than in a

narrow fire line, generating a broad-based convective flow or plume.

This flow would be supported by high-velocity fire winds induced by

the fire complex [Larson and Small, 1982; Small, Larson, and Brode,

1984; Small and Larson, 1984/85]. The interactions are

straightforward. Bu6yancy created by heat release generates pressure

gradients, which in turn induce fire winds. Those turn upward to form

the convective flow. Radiative cooling rapidly reduces (over -103 m)

the temperature above the heat release region. The net effect is a

high-momentum convective flow with only a moderate temperature excess

'S



(several degrees) or density deficit from the ambient. For axisym-

metric flows, the differential is largest near the centerline.

The initial momentum and temperature excess of the plume depend

directly on the fire size and heat release. These determine, in part,

the plume rise and deposition of smoke in the atmosphere. Entrainment

of ambient air during the rise plays a minor role in diffusing the

plume momentum and buoyancy, since the mixing takes place at the plume

edge, far from the largest concentrations of buoyancy. Consequently,

atmospheric structure (lapse rate, inversion height, and upper-level

winds) is the primary factor in determining the ultimate plume rise.

Fires from a nuclear burst can create plume motions that extend to the

tropopause [Hassig and Rosenblatt, 1983; Small, Remetch, and Brode,

1984, 1985; Penner, Haselman, and Edwards, 1986; Bacon, Sarma, and

Proctor, 1986; Cotton, 1985; and Tripoli and Kang, 1987].

The high-velocity fire winds induced by a large area [0(100) km 2 ]

city fire would entrain, at low altitude, significant amounts of water

vapor. Except for extremely dry atmospheres, the entrained moisture

is roughly an order of magnitude greater than the water produced by

combustion. In the plume, large cloud structures evolve from conden-

sation of the entrained moisture. The release of latent heat drives

the plume higher; evaporation decreases the buoyancy. Cloud formation

by the fire-generated convective motion occurs rapidly. Such cloud

development is common in naturally occurring wildland fires, and rain

often results. Large area city fires would produce even larger and

more intense clouds.

Condensation and cloud formation not only influence the plume

motion, but also enable the scavenging of smoke by water droplets, and

to some extent, ice. Early cloud formation may account for some

scavenging of smoke with particularly high soot content, produced soon

after the fires start. Precipitation may limit the amount of smoke

lofted to high altitude. Black rain was noted at Hiroshima [Committee

for the Compilation of Materials on Damage Caused by the Atomic Bombs

in Hiroshima and Nagasaki, 19811, implying that fire-generated

precipitation removed at least some of the smoke.

2
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The rate and extent of cloud formation depends on the lo'4-level

entrainment of humid, ambient air and its distribution in the plume.

Both the fire winds and plume structure depend directly on the

buoyancy field or details of the fire. Numerical simulation of cloud

formation thus requires a grid fine enough to properly resolve the

fire-generated flow, as well as the larger scale atmospheric response.

In this report, we consider two-dimensional (axisymmetric) approxima-

tions for fire-generated flows in a stratified, moist atmosphere. We

have determined in detail the amount of water lofted, plume motion,

cloud development, and smoke transport for several fire sizes and

burning rates.
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SECTION 2

MODEL DESCRIPTION

NUMERICAL MODEL.

Our numerical simulation employs a Lagrangian-Eulerian algorithm

to model atmospheric convection driven by a large area fire, and is

applicable to compressible, two-dimensional fluid flows over a wide

range of flow speeds [Hirt, Amsden, and Cook, 1974]. Compressibility

is important near the fire because of the high temperatures. The

Lagrangian-Eulerian technique is a compromise between fully explicit,

compressible calculations and partially implicit calculations as-

sociated with the anelastic approximation [Ogura and Phillips, 1962]

for deep convection. The Lagrangian phase advects the mesh vertices

with the fluid, assuming no flux across cell boundaries. In the

Eulerian phase, the vertices are restored to their original positions

and fluxes into the cells are accounted for. Upwind, or donor cell,

differencing is used in the Eulerian phase; centered differences in

the Lagrangian phase. The technique allows high resolution solutions

using variable zoning of the compressible flow near the fire and

within the plume and, at the same time, it permits time steps much

larger than possible with purely explicit schemes.

The algorithms used in this study include many enhancements to

the original Lagrangian-Eulerian scheme used by Hirt, Amsden, and Cook

[1974]. Pressure is calculated implicitly at the end of each time

step. Temperature T is determined from the energy equation, which

includes a radiation term proportional to T 4 and, therefore, the

temperature is also found implicitly. We have also modified the

original program to include latent heating or cooling due to water

vapor phase transitions, thermal diffusion, volumetric heating in the

fire region, and the advection of water and smoke.

Variable zoning is used. Fine resolution is achieved near the

lower boundary, the centerline, and the fire region. A fixed number A

of grid points (19 radial, including the axis; 4 vertical, including

the ground) is usually used within the fire volume independent of fire

'4
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radius. The spacing increases by a factor of approximately 1. 1 for

cells outside the fire region. The axial grid spacing within the fire

volume is 33 m, increasing to about I km at the tropopause. The

computational domain extends vertically to 30 km and radially to

70 km.

GOVERNING EQUATIONS.

The simulations are based on the compressible, nonhydrostatic

Navier-Stokes equations with velocity components (u,v), in the radial

and axial directions (r,y):

au u bu av-u _ a (L rhu .au
t ar ay p 3r1 r r ar /

av av av 1 3D la a v
_ r , (1at a ay p yr ay2

where t is time, p is pressure, KM is eddy viscosity, and g is

gravitational acceleration. The ideal gas equation of state is used.

Although velocities are subsonic, 0(1) changes in temperature and

density occur as a result of the large heat release within the fire

volume. The full continuity equation is thus required:

at + I r (rpu) + L (pv) o (2)3t r ;r- ay(p)-02)_

The energy equation is

ac+u a vT 1 ru a 32T

at ar ay r ar a / +  rarr ar 2atIT Dray

+ q + + w ,(3)
f r

where q 4 an are heat sink/source terms for heating by the
r -I'
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fire, radiative cooling, and latent heating due to changes in water

phase, respectively. The gas constant R and specific heat volume c v  -

are mass-weighted properties:

P= Pd + Pv + Pl + Pi

Pd Rc + pv R + P1 R1 + P R iR=V

p

Pc cvd + Pv cvv Pl Cv + Pi C V
ivi (14)

v p

The total mixture density is p and the subscripts d, v, 1, and i refer

to dry air, water vapor, liquid water, and ice, respectively.

INITIAL AND BOUNDARY CONDITIONS.

Normal velocities are zero at all boundaries. A no-slip boundary

condition is applied at the ground and free-slip conditions are used

at the axis of symmetry, upper boundary, and outer radius. It is

assumed that the upper boundary is isothermal; the lower boundary and

centerline are perfect insulators. The atmosphere is initially quies-

cent, and the temperature is prescribed by the U.S. Standard Atmos-

phere [1962]. The initial lapse rate is stable everywhere and con-

stant (-6.45 x 10-3oC/m) from the ground to an altitude of 10 km in

the troposphere, isothermal (-560C) in the tropopause from 10 to

20 km, and constant (1.06 x 10-3oC/m) from 20 to 30 km in the

stratosphere. The stable stratospheric layer at the top and the large

radial extent of the computation domain isolate the flow from the top

and outer boundaries. An initial vertical distribution of relative

humidity [Manabe and Wetherald, 1967] is assumed:

0(y) - 0 poy - 0.0 (5)
0.98~

06/

iV



"t the ground, 00 is 77 percent and o is the ambient surface pres-

sure.

HEAT AND SMOKE SOURCE TERMS.

The three energy source/sink terms (fire heat release, radiative

cooling, and latent heat release) control the system dynamics. The

fire is modeled as a 100 m-high, volume heat source. The heating rate

increases linearly in time from qf . 0 to a constant value at t -

900 s and thereafter. Radius and heating rate are varied to test the

effects of fire size and intensity. Initially, all properties are

horizontally homogeneous, except within the fire volume where eddy

viscosity and eddy thermal conductivity are set an order of magnitude

larger than outside the fire volume (K M,T  1 3 m2 s, as opposed to

K 10 2 m2 Is). The larger values account for fire-generated tur-KM,T

bulence and effective surface roughness associated with urban

features. Smoke generation and transport are described by:

a+ (ruS) 1.6 -. f

L- r2- (ruS) ' (vS) =1.66 x 10-6 f, (6)

where S is the smoke concentration, and S is the source function based

on a 3 percent smoke emission rate and heat release rate qf (see

Appendix A). The combustion of 2 g/cm /h of fuel is assumed to %
2 %.

release 100 kW/m . Heat release increases as fuel loading increases;

the total smoke mass input to the atmosphere depends on the burnable

fuel loading. During the time of significant heat release (roughly

0.5 to 4 h), smoke transport is primarily determined by large-scale

features of the velocity field, and therefore, is modeled as an advec-

tive process [see Eq. (6)]. Diffusion becomes a significant transport

process only at much later times.

Our use of a volume heat source to model the distribution of

fires results in an average temperature, in the region of heat

release, considerably lower than that of the individual fires. Ac-

cordingly, the radiative loss q is modeled by:r

7
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ir - B 7
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Here, a is the ratio of actual burning area to the total area, H is

the height of the fire region, To is the far-field ambient tempera-

ture, and a is the Stefan-Boltzmann constant. In general, structures

occupy less than 30 percent of the land in dense urban areas. Not all

the area burns at one time, nor does all of the area contain acces-

sible combustible material. Thus a < 1. The ratio B of actual fire

temperature to average region temperature is roughly 3. Temperature

decays rapidly above the fire as a result of radiative cooling.

WATER PHASE TRANSITIONS.

A significant amount of heat is released by water phase transi-

tions in the plume well above the fire; the effect of latent heat

release becomes increasingly important for lower fire heating rates.

At each time step in the calculation, moist air is first transported

by the flow without phase change. The saturation vapor density is

then compared to the new water vapor density at each grid point. A

phase transition then occurs, bringing the vapor density as close as

possible to saturation by means of evaporation, condensation, melting,

freezing, or sublimation, depending on temperature (see Appendix B).

For temperatures warmer than 00C, the process requires that, first,

all ice melts, and then, either liquid water evaporates or water vapor$

condenses, contingent on whether the air is subsaturated or super-

saturated with respect to liquid water. At temperatures lower than

-150C, liquid water first freezes, and then ice sublimates or vapor

accretes, depending on whether the air is subsaturated or super-

saturated with respect to ice.

For the temperature range 00 to -150C, liquid water and ice are

allowed to coexist to simulate the supercooled water condition ob-

served in naturally occurring clouds. A deficit in water vapor den-

sity relative to saturation over ice is first corrected by evaporating

water, since the saturation vapor pressure over water is higher than

that over ice, and then any further subsaturation is made up for by



sublimating ice. Alternatively, an excess water vapor density rela-

tive to saturation over water is corrected by the accretion of vapor

to ice. If the water vapor pressure is subsaturated with respect to

liquid water but saturated with respect to ice, no ctange in vapor

density takes place. Thus, liquid water may be advected into regions

where the temperature is in the range 00 to -150 C but does not form

in these regions. This is consistent with the fact that the vapor

pressure over water is greater than that over ice within this tempera-

ture range. All temperature changes due to latent heating or cooling

are assumed to occur at constant pressure and are incorporated in the

energy equation at the next time step [6t is, at most, 0(10-1) s].

Upon condensation (or freezing), one-third (or one-half) of the

condensate is removed fram the atmosphere to simulate precipitation.

Details of the precipitation process, particularly scavenging of smoke

particles, are not included in this preliminary study. This modeling

of precipitation, although it is rudimentary, does reproduce the

irreversible process found in naturally occurring clouds of moist

adiabatic ascent followed by dry adiabatic descent, warming the cloud

region.

Combustion of the hydrogen component of the fuel in the presence

of atmospheric oxygen produces a mass of water approximately half the

fuel mass. This water vapor is also drawn up into the plume, where it

condenses and releases latent heat. However, the mass of water vapor

produced by combustion is generally at least an order of magnitude

lower than that present in the atmosphere or entrained by the fire

winds. Except for a very dry atmosphere, it has a negligible effect

on the plume dynamics (see Appendix C).
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SECTION 3

RESULTS

INPUT PARAMETERS.

The test matrix of input conditions covered a range of fire

sizes, fire intensities, and atmospheric moisture conditions (see

Table 1). Area fires of radii 5, 7, and 10 km were considered. They ,%

correspond either to cities completely involved in fire but of dif-

ferent sizes, or to fires started by weapons of different yields.

Heating by the fire does not take place directly at the surface, but

is distributed across a volume of finite depth as a result of combus-

tion of fuel vapors within the volume, and conduction and radiation of

heat away from localized fire regions. A 100-m depth was assumed.

Combustion of 2 g/cm 2 (I to 2g/cm 2 is a typical fuel loading for

residential areas) in 1 h releases 100 kW/m 2, or 1 kW/m 3 throughout

the heat release volume. One- to four-hour burn times are reasonable;

higher fuel loadings and longer burn times are plausible. A 7-km

radius, 0.5-kW/m3 fire would be typical for most city sizes, fuel -

loadings, and expected burning rates.

Table 1. Test matrix and summary of input conditions.

Heating Rate Fire Radius
Case (kW/m 3 ) (km)

1 1.00 10
2 0.50 10
3 0.25 10

Moist 4 1.00 7
5 0.50 7
6 0.25 7
7 0.50 5

Dry 8 0.50 7

Grid 9 0.50 7

10



Simulations were also performed for fire intensities of 0.25,

0.50, and 1.00 kW/m 3. These values represent either different fuel

loadings or burn times. With the exception of one simulation in a dry

atmosphere, all cases had identical atmospheric temperature and mois-

ture structure. In addition, one case tested the effect of grid

resolution. Results include smoke concentrations, distributions of

liquiid water and ice, and velocity, pressure, temperature, and density

fields.

BASELINE WATER CLOUD.

Many features of plume evolution are similar for all the fire

intensities and sizes tested. Figures 1 and 2 show the development of

the moisture and smoke clouds for a baseline case (7-km radius fire,

0.5-kW/m3 heat release rate). Initially, there is a warming of the

lowest 2 km of the atmosphere above the fire. Air drawn radially

inward toward the fire produces an upward mass flux. That, in turn,

produces subsidence, slightly warming the entire troposphere at larger

radii. The inflowing air initially turns up sharply near the outer

perimeter of the fire and forms a small cloud (Fig. 1a). The cloud

base forms at 2 km but rises slightly as the fire (heat release) warms

the lower atmosphere. Gradually, the converging radial inflow estab-

lishes a strong updraft at the centerline (Fig. 1c). Later, as the

buoyant air gains momentum, it is lofted considerably above its level

of neutral buoyancy and becomes colder and more dense than the ambient

air surrounding the plume (Figs. ic-f). This cold air diverges

radially at the top of the plume, falls downward, again overshoots

equilibrium, and becomes warmer than the surrounding air. The process

may continue several times at successively larger radii. Thus, the

cloud consists of a warm core, sheathed by alternating cold and warm

regions. The core is cloud free near the base because the air is

sufficiently warm to be subsaturated. Similar cloud-free vaults are

commonly observed in large thunderstorms. The low pressure caused by

the heat of the fire produces subsidence and warming at high

altitudes. Local thickening of the stratosphere may result.
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Early (less than 20 min) in the evolution of the flow f ield, a

small vortex develops at the fire edge. Vertical velocities in the

plume core are influenced by the inward translation of that vortex.

The sharp thermodynamic gradients at the fire edge cause a Periodic

reforming of the vortex near the fire perimeter, reducing the flow to J

the centerline. As a result, the vertical velocity of the plume core

oscillates. Between 25 and 40 min, the plume top remains relatively

stationary at about 14.5 km as a new, secondary circulation forms near 1.4

the perimeter of the fire (Figs. 1c-e). When this Pattern breaks

down, allowing increased inflow to the centerline, the plume top rises

to 17 km (not shown in Figs. 1 or 2) at 55 min. Later, as the outer

secondary circulation reemerges, plume core velocities decrease and

the top drops to about 15.5 km. The centerline oscillations cause

large amplitude gravity waves that propagate radially outward

(Fig. c-f). 
%p

BASELINE SMOKE CLOUD.

Figure 2 shows the smoke Plume evolution for the same radius and

heating rate as the moisture cloud sequence in Fig. 1. The smoke and

moisture clouds coincide, except near the ground and centerline, where

the rising warm air is subsaturated, and near the lower, outer eoge,

where smoke detrains fromn the moisture cloud (see Figs. if and 2f).

The top of the smoke cloud approximately coincides with the top of the

ice cloud at the top of the dome of cold air capping the warm plume A
core. The cold dome represents the maximum vertical. extent reached by

air from the surface, before its density excess causes it to fall back

to lower altitudes. There is a well-defined boundary between the V
smoke cloud and the clear air outside it. The strongest concentra-

tions of smoke lie near the source region and the plume core. The

axisymm'4ric geometry of the simulation Must be taken into account

when considering smoke distribution. In Fig. 2f, over 70 percent of

the total smoke mass lies outside the 4-km radius, despite the higher

concetain fo mlerrdi
Lre -a lemxn rcse pedtesoeotfo h lm

gN
core a thi h r a t t d s Th vo t x a o e t e o t r e g of t e f e".
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appears to fold pockets of clear ambient air into the smoke cloud %

(Fig. 2e). The vortex also seems to produce a downward rolling motion

near the outer edge. Such features are consistent with observations

of actual fire plumes. Except for the largest, most intense fires, "

smoke does not appear to be injected into the stratosphere. The

maximum altitude reached by the smoke from a 0.5-kW/m 3 , 7-km fire was

17 km at 55 min. Simulations of more intense fires (1 kW/m 3 ) result

in correspondingly higher plume rises (discussed later); lower heat

release rates (0.25 kW/m 3 ) result in lower plume heights. The outcome .-" -

is more or less independent of fire area, although a threshold size

presumably exists [Small and Larson, 1984/5]. Comparable plume heights

have been observed in nature [Manins, 1985]. The radial spreading of

the smoke is independent of fire radius or heat release rate, and is

roughly confined to a region less than twice the radius of the fire at

60 min. UpDer-level winds would presumably transport smoke downwind,

or diffusion would spread smoke radially, at later times. However,

the large radial spread predicted by Penner, Haselman, and Edwards

[1986] in quiescent atmospheres is not reproduced in these simula-

tions.

COMPARISON BETWEEN DRY AND MOIST ATMOSPHERE.

Comparison of plume growth in a moist atmosphere to that in a dry

atmosphere shows that smoke deposition is markedly affected by ambient

moisture. Figure 3 shows the difference in plume growth after 60 min.

The heat release rate is the same as the baseline case shown in

Figs. 1 and 2 (0.5 kW/m 3 , 7-km radius). When plume motions reach the

level of condensation and latent heat is released, buoyancy

increases. Comparison of the maximum centerline velocities shows the

effect of moisture. The velocity for the moist case (Fig. 3a) is

117 m/s and for the dry case (Fig. 3b) it is 81 m/s. Condensation

produces high-velocity motions early in the development of the plume,

carrying large concentrations of smoke to high altitudes. The smoke

spreads out radially initially by advection and later by diffusion.

The maximum vertical and radial extent of the smoke clouds are about

the same, but the moist case deposits more smoke in the uDer atmos-

phere.
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Figure 3. Comparison of moist and dry smoke clouds for 0.5-kU/n 3 %
heating rate and 7-km radius fire at 60 min.
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The simulations clearly show condensation early in the plume

evolution. Figure 1 shows initial condensation at 15 min (Fig. la)

and shows ice developing within 25 min (Fig. ic). Ice formation is

generally indicative of the onset of precipitation. Although not

explicitly modeled, precipitation early in the plume development

suggests that some of the dense sooty smoke released by the fire in

its early stages may be scavenged. That appears to be consistent with

observations of rain generated by wildland fires and of black rain

generated by several fires during World War II [Committee for the

Compilation of Materials on Damage Caused by the Atomic Bombs in

Hiroshima and Nagasaki, 1981]. The efficiency of smoke particles,

however, as cloud condensation nuclei, is not well known, and only a

small fraction may actually be scavenged [Pittock, et al., 1986].

EFFECT OF FIRE AREA AND HEATING RATE.

Clouds produced by fires of three different radii but equal heat

release rates are shown in Figs. 4a through 4c, and clouds produced by

fires of constant radii but three different heat release rates are

shown in Figs. 4d through 4f. Figure 4 shows that a concentrated heat

source deposits smoke much higher in the atmosphere than does a source

of equal volume-integrated magnitude that is spread over a larger

surface area. Figure 4a through 4c shows that plume height at 60 min

is roughly the same (it actually decreases slightly from 17.5 to

15.5 kin) as the fire radius increases, even though total heat release

increases by a factor of 4. In contrast, Figs. 4d through 4f show

that plume height increases (from 9 to 23 kin) in direct response to

increased heat release rate for fires of the same radius. Clearly,

classical plume theories are unsuitable for modeling large-scale

fires--they use a point source, rather than distributing energy across

a finite area.

FIRE WINDS.

Figure 5 shows the fire wind velocity at 8 km for the 7-km

baseline radius (1 km outside the fire volume) and the three heating

rates. Maximum inflow velocities occur at early times and near the

17
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ground. Later, the inflow wind speed is lower but occupies a deeper

layer, so the depth-integrated inflow remains nearly constant after

25 min. There is outflow aloft associated with the return circula-

tions shown in Fig. 1. The outflow is most intense at early times

when the azimuthally aligned vortex lies just over the heating volume

circumference. The mean fire wind velocities near the ground are

surprisingly low in comparison to observations of fire winds as-

sociated with large urban fires [Committee for the Compilation of

Materials on Damage Caused by the Atomic Bombs in Hiroshima and

Nagasaki, 1981; Small and Larson, 1984]. The maximum is 20 m/s but

the average is approximately 10 m/s. Observations of fire winds are

highly subjective and reported wind speeds are not usually based on

instrumented measurements. Winds may be channeled by streets and

structures--such winds may not be representative of the mean flow.

Moreover, the model is two-dimensional and does not simulate channeled

winds nor those associated with local concentrations of vorticity.

EFFECT OF GRID RESOLUTION.

The effect on the baseline case of a reduction of grid resolution

was tested by changing the radial spacing from an average spacing of

about 270 m near the centerline (increasing by 15 percent for succes-

sive grid points in the positive radial direction) to a constant

1 km. The vertical spacing was changed from 100 m near the ground,

(increasing by 20 percent for successive grid points above the ground)

to 1000 m (increasing by 20 percent for successive grid points above

the ground). The lower resolution case is comparable to that used in

three-dimensional simulations. Figure 6 shows the effect of reduced

resolution on the baseline smoke cloud (Fig. 6a). Clearly, smoke is

not lofted as high in the low-resolution case as it is in the high-

resolution case for identical heating and fire size. There appears to
be a greater concentration of smoke at low altitude for the low-

resolution case. The reasons for such dramatic differences are un-

clear, but the higher resolution is expected to more accurately simu-

late the thermodynamics of smoke-cloud evolution. Lower resolution,

two- and three-dimensional results [Penner, Haselman, and Edwards,

20
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1986; and Tripoli and Kang, 1987] in fact, do sometimes show greater

horizontal smoke spreading and lower lofting.

INDIVIDUAL CASES.

In addition to the general comparisons of cases with differing

heating rates, radii, and moisture content in this section, we high-

light some features of the individual moist-atmosphere simulations.

Plots of water and smoke clouds are shown in Figs. 7 through 15 and 16

through 24, respectively.

Case 1: High Heating Rate (1.00 kW/m 3), Large Radius (10 kin).

A strong circulation initially occurs at the fire edge and lasts

20 min. During that period, there is little penetration radially to

the centerline and little vertical motion to the condensation level.

Maximum lofting into the tropopause occurs at 35 min. After that

time, two low-level, azimuthally aligned vortices appear within the

troposphere and divert the flow from the centerline. The fire ini-

tially heats the lower levels. The rising air overshoots its level of

equilibrium and becomes cooler than the surrounding air. Due to

adiabatic compression, air in the downward leg of the circulation

becomes warmer than ambient. The fire continually heats the lower

levels, particularly near the centerline. Shear stress appears to

carry air aloft (despite its negative buoyancy) at the plume edge. A

weak secondary circulation within the upper tropopause and lower

stratosphere carries air downward near the centerline and is as-

sociated with the low pressure caused by the fire heat near the sur-

face.

Case 2: Medium Heating Rate (0.50 kW/m 3), Large Radius (10 kin).

Streamline gradients near the ground indicate large mass flux and

high wind into the fire region. Cloud formation begins at 20 min.

The cloud base Is elevated near the centerline, forming a cloud-free

vault after 30 min. Again, the formation of the double azimuthally

oriented vortex configuration corresponds to a decrease in radial

Inflow to the centerline. The temperature perturbation from ambient

22
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is positive (warm) near the cloud core, negative within a region

capping and surrounding the warm central core, and then positive again

in the region capping and surrounding the aforementioned cold region.

Apparently, the warm air rising along the centerline (the first warm

region) overshoots its equilibrium level because of its momentum. This

air continues to rise, but due to moist adiabatic expansion it becomes

colder than its surroundings (the first cold region). It then falls

downward, but once again overshoots equilibrium and warms due to

adiabatic compression (the second warm region). This process may be N

repeated at successively larger radii and corresponds to gravity waves

propagating radially outward. The base of the cloud initially con-

sists entirely of liquid water but later becomes a mixture of super-

cooled water and ice. The cloud base first occurs near the 0°C level

(2.3 km) but later rises to as high as 5 km due to low-level heating.

At later times (50 to 55 min) an observed feature of large smoke

clouds is reproduced--the folding into the smoke column of pockets of

clear air near the base of the mushroom cap. This process apparently

enhances the mixing of clear surrounding air with the smoke by bring-

ing clear air into the vicinity of greatest turbulence and smoke

concentration.

Case 3: Low Heating Rate (0.25 kW/m 3 ), Large Radius (10 kin).

This case has the lowest heat release, buoyancy production, and

thus, the smallest pressure gradients. The fire edge vortex is ac-

cordingly sustained longer than in the two previous cases, and the

water and moisture clouds never reach significant height (9 km

maximum). For this "weak" heating the flow develops slowly and the

mass flux to the centerline is limited. The plume and cloud also

develop slowly.

Case 4 : High Heating Rate (1.00 kW/m 3 ), Medium Radius (7 km).

Strong updrafts associated with the concentrated heat source near

the surface carry air and smoke above the level of neutral buoyancy

within 10 min. The warm-core, cloud-free vault is visible at all

times, not Just in the later stages of cloud development. Pockets of
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clear air are constantly being advected into the cloud. The top of

the smoke cloud reaches 22 km--the lower stratosphere. The inflow

boundary layer is unusually thick. The large radial flux of air into

the fire region is consistent with the lofting of air to high al-

titude.

Case 5: Medium Heating Rate (0.50 kW/m 3 ), Medium Radius (7 km).

This is the baseline case previously discussed. The complete

time sequence is given in Figs. 11 and 20.

Case 6: Low Heating Rate (0.25 kW/m 3 ), Medium Radius (7 km).

The radial extent of the fire is too great to sustain a large

organized circulation to the centerline. Soon after the flow reaches

the centerline, the vortex at the fire perimeter reforms, reducing

flow to the inner radii. The cloud top seems to be stationary at

12 km by 55 min, and the only change thereafter is the radial spread

of smoke at lower altitudes. Much of the inflow between 1 and 3 km

appears to be driven by viscous entrainment (which "drags" the air

inward over the fire region) rather than by pressure. This inflow is

at such a high altitude that it is not heated by the fire. Thus, it
never has much buoyancy and does not develop sufficient momentum to be

lofted to higher altitudes. It quickly returns to its equilibrium

level. This is clearly evident in the streamline patterns at late

times.

Case 7: Medium Heating Rate (0.50 kW/m 3 ), Small Radius (5 km).

The characteristic pattern of a warm core cloud surrounded by ..5'

alternating regions of cold and warm air occurs within 40 min. The

inflow velocity achieves a maximum of 15 m/s (54 km/h). Between 55 V"
and 60 min, a cold bubble of air separates from the cloud at about the

level of the cloud base. At the same time, a pocket of clear air is

being folded into the core region of the cloud. The cold bubble is .

probably a result of the evaporation of condensate as the air detrains S

from the cloud, since the flow is nearly horizontal and does not

appear to undergo adiabatic expansion. This process is reminiscent of
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smoke detraining from the base of moisture clouds formed by large

wildland fires: The downward rolling motion near the cloud base

causes the moisture component to evaporate leaving cold, stable, smoky

air, which then separates from the cloud. Since it is well above the

region of inflow, it does not immediately reenter the smoke column.

Case 8: Dry Atmosphere.

The complete time sequence for the dry atmosphere case is shown

in Figs. 14 and 23.

Case 9: Low Grid Resolution.

The complete time sequence for the low grid resolution case is

shown in Figs. 15 and 24.

-
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SECTION 4

DISCUJSSI ON

The motions generated by large area fires are, in general, three-

dimensional; the burning region is likely to be asymmetric, and wind

shears can obviously influence the plume rise and downwind diffusion

of smoke. Nevertheless, plume motions--even in strong winds--are

often virtually axisymmetric over most of the rise in the atmosphere.

The approximation is best near the fire or region of strong buoyancy

and least appropriate at the plume top. Although there is some loss

in generality, the higher resolution of an axisymmetric simulation

more realistically models (within the burning region and plume volume)

the entrainment of low-level moisture, the water-phase transitions,

and the smoke transport than does a three-dimensional simulation of

lower resolution.

We use a volume heat source rather than a surface heat flux to

model the fire energy release. The volume source is an approximation

of the concentrated effects of actual fire complexes, but it does

provide a more realistic distribution of buoyancy than does a surface

condition. As a consequence, more accurate representations of the

Pressure field, fire winds, and low-level moisture convergence into

the Plume are obtained. Our simulations show that for a range of fire

sizes and intensities, plume development is primarily determined by

fire intensity and is little affected by fire area (for radii greater

than 5 kin).

We have shown that atmospheric moisture contributes significantly

to plume evolution, and that early scavenging of smoke particles by

precipitation is likely to reduce the amount injected into the upper

atmosphere. Moreover, the confinement of the plume to a local area

suggests greater smoke deposition locally. Except for the largest tY.

fires, the tropopause is an effective barrier against the injection of

smoke into the stratosphere; since the height of the tropopause varies

with season and latitude, these features must be taken into account

when determining plume injection heights.
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Rain can influence the plume dynamics. Rain either can be

evaporated and thus cool the air or fall to the ground. Cooling the

air above the fire reduces its buoyancy and inhibits the plume rise.

However, latent heat is stored during the evaporation process and its

later release within the rising plume may actually enhance the plume

rise. The fire-generated cloud extends radially beyond the fire

region. Precipitation from such clouds is more likely to evaporate

before reaching the ground above the fire than outside the fire

region. Moisture entrainment by the fire winds to the burning region .f-.

could thus be increased. This influences the energy-momentum ex-

changes (perhaps only slightly). In some cases, fire spread is pos-

sible beyond the initial fire start area; rain could prevent or at

least moderate such spread. Smoke scavenging and deposition of

radioactive material beyond the principal weapon effects region by

fire-induced (or augmented) rain may be significant. The inter-

relationship between thermodynamics, combustion, and dynamics is

subtle and not yet completely defined for large area fires; further

modeling and simulations are in progress.

.3
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63



*~U VW vWAWrr711f_'JI - %A" n-n I..,- V-VV k C..

P
SECTION 5

LIST OF REFERENCES

Bacon, D. P., R. A. Sarma, and F. H. Proctor, Smoke Injection Into
the Atmosphere from Large Area Fires, Science Applications Inter-
national Corporation, McLean, Virginia, Report No. 86/1922, 1986.

Bond, H. (ed.), Fire and the Air War, National Fire Protection

Association, Boston, Massachusetts, 1946. "a'
a'.

Committee for the Compilation of Materials on Damage Caused by the
Atomic Bombs in Hiroshima and Nagasaki, Hiroshima and Nagasaki,
E. Ishikawa and D. L. Swain (trans.), Basic Books, Inc., New York

City, 1981.

Cotton, W. R., "Atmospheric Convection and Nuclear Winter," Amer.
Scientist, Vol. 73, 1985, pp. 275-280.

Hassig, P. J., and M. Rosenblatt, "Firestorm Formation and Environ-
ment Characteristics after a Large-Yield Nuclear Burst, Proceedings
of the 17th Asilomar Conference on Fire and Blast Effects of Nuclear
Weapons, Pacific Grove, California, 1983, pp. 54-59.

Hirt, C. W., A. A. Amsden, and J. L. Cook, "An Arbitrary Lagrangian-
Eulerian Computing Method for All Flow Speeds," J. Comp. Phys.,
Vol. 14, pp. 227-253.

Larson, D. A., and R. D. Small, Analysis of the Large Urban Fire

Environment, Part I: Theory. Pacific-Sierra Research Corporation,
Los Angeles, California, Report 1210, 1982.

Manabe, S., and R. T. Wetherald, "Thermal Equilibrium of the Atmo-
sphere with a Given Distribution of Relative Humidity," J. Atmos.
Sci., Vol. 24, 1967, p. 241-259.

Manins, P. C., "Cloud Heights and Stratospheric Injections Resulting
from a Thermonuclear War," Atmos. Environ., Vol. 19, 1985,
pp. 1245-1255. '

Ogura, Y., and N. W. Phillips, "Scale Analysis of Deep and Shallow
Convection in the Atmosphere," J. Atmos. Sci., Vol. 19, 1962,
pp. 173-179.

Penner, J. E., L. C. Haselman, and L. L. Edwards, "Smoke-Plume
Distributions above Large-Scale Fires: Implications for Simu-
lations of 'Nuclear Winter,'" J. Clim. App. Met., Vol. 25,
No. 10, October 1986, pp. 1434-1444.

64



Pittock, A. B., et al., SCOPE 28: Enviornmental Consequences of
Nuclear War, Vol. 1, "Physical and Atmospheric Effects," Scientific
Committee on Problems of the Environment, Chichester, Great Britian,
pp. 67 -68.

Small, R. D., and D. A. Larson, "Velocity Fields Generated by Large
Fires," Israel J. Technol., Vol. 22, 1984/5, Dp. 173-186.

Small, R. D., D. A. Larson, and H. L. Brode, "Asymptotically Large
Area Fires," J. Heat Trans., Vol. 106, 1984, pp. 318-324.

Small, R. D., D. Remetch, and H. L. Brode, The Physics of Large
Fires, presented at DNA Conference on Large-Scale Fire Phenom-
enology, Gaithersburg, Maryland, 1984.

, Atmospheric Motions fram Large Fires, presented at AIAA
23d Aerospace Sciences Meeting, Reno, Nevada, Paper No. AIAA
85-0458, 1985.

Tripoli, G. J., and S. W. Kang, A Numerical Simulation of the
Smoke Plume Generated by a Hypothetical Urban Fire near San
Jose, California, presented at Scientific Committee on Problems e
of the Environment, Bangkok, Thailand, 1987.

U.S. Standard Atmosphere, U.S. Government Printing Office,
Washington, D.C., 1962.

'

?4

65 S



L

APPENDIX A

SMOKE PRODUCTION

The smoke production rate per unit area SA for a 3 percent smoke

emission (assuming a 2 g/cm 2/h burn rate) is

x smoke mass
Sburn rate ."

-A fuel mass

2 g fuel 0.03 g smoke
2  1.00 g fuelcm h

= 0.166 (8)
2

m s

Now let the smoke produced at the surface immediately fill a 100-m

high volume. Then the smoke release rate per unit volume SV is

S= SA/00 m = 1.66 x 1 0-3 smoke (9)

m3 s

Assuming that a burn rate of 2 g/cm 2/h corresponds to a 1 kW/m 3

volume heating rate in a 100-m high volume and that burn rate is

directly proportional to a heating rate qf, the volume smoke produc-

tion is given by

.4.

1.66 x 10- 3 g smoke qf (10)
m s kW/m

or

1.66 x 10-6 kg smoke qf

m3 3 kW/m
3
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APPENDIX B

WATER PROCESSES

The type of water phase transition that takes place is determined

by the temperature, availability of condensate, condensate phase, and

vapor density relative to the temperature-dependent saturation value.

The incremental latent heat release Aq, during a single time step At,

is

q=-L A -L = App,(2
Aq -Llv Apv Lli Ai = cp + (12)

where Llv is latent heat of vaporization [0.4604 x 106 - 2.369 x j03

(T - Tf) J/kg], Lli is latent heat of fusion (0.3336 x 106 J/kg), Pv

is vapor density, Pi is ice density, cp is specific heat at constant

density, Tf is freezing point temperature (-15 0C), and T is

temperature. This is a constant pressure process and, therefore, Ap =

0. The change in water vapor density occurring during At is

APV - min (p vs - Pv' Pl + i ' (13)

where Rv is the gas constant for water vapor (0.4604 x 103 J/kg/K),

Pvs is saturation vapor pressure or 610.78 exp [6.8355 x 103 (1/Tf -

1/T) + 5.1455 ln Tf/T], Pvs is saturation vapor density (Pvs =

Pvs/Rv/T), and p, is liquid density. Thus, if supersaturated condi-

tions exist, there is a decrease in vapor density equal to -Jpvs -

PvI. If subsaturated conditions eXist, the water vapor deficit Pvs -

PvI is compensated for by a conversion of condensate to vapor until

saturation is reached, as long as P1 + Pi exceeds IPvs - Pvl. If IPvs

- Pv1 exceeds P1 + Pi, the increase in water vapor density is P, + Pi.

The parameters defining the amount of precipitation are set so

that one-third the liquid water and one-half the ice formed during At

are removed by precipitation:
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2

-i (14)
a 1 2 .2

If the air is subsaturated (Apv Z 0) at the beginning of the time step

then there is no precipitation, so:

a. = 1 (15) '
3-!

The water vapor density is updated and the preliminary heat release is

set:

Pv <- Pv + APv

q <-- -Llv A pv. (16)

where q is heat release in joules per cubic meter. The decision- %e%

making process built into the code takes account of the temperature.

If the temperature exceeds the melting point Tm(= O°C), then cooling

takes place due to the fact that all ice melts:

q (- q - Lli Pi. (17)
"y

The amount of liquid water increases by the amount of melted ice. It

decreases by evaporation if the air is subsaturated (Apv > 0, a1 = 1)

or increases by the amount of condensation not lost to precipitation

if the air is supersaturated (Apv < 0, al = 2/3):

P1  Pl + P-i Ap1  (18)

and finally
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Pi <- 0 (19)
1w

Due to the scarcity of suitable freezing nuclei in the atmosphere, the

freezing point Tf is taken to be -150 C rather than 0C. Supercooled

water and ice coexist within the temperature range Tm > T > Tf. A

high concentration of smoke particles may alter this phenomenon but

barring definitive observations to the contrary, we adhere to the

stated parameterization.

If APv Z P, > 0 (subsaturated) and Pi > 0, cooling occurs due to

sublimination of ice and evaporation of water:

q <- q - gli (APv - pl (20)

The term LlI (APv - pl) arises from the water vapor deficit being

first made up by evaporation of liquid, then by supercooled water, and

finally by sublimation of ice. This is commensurate with the vapor .

pressure over water being less than that over ice at the same

temperature. The change in the liquid and ice components is, resDec-

tively,

Pi - i + P - APv , (21)

and

p1  -- 0 . (22)

If Apv Pl, the change in the liquid water component is

P P - APv (23)

Since ai = al 1 1 for Apv Z 0, the process used for the supercooled

water temperature range also holds for T < Tf. I.
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APPENDIX C

WATER CONTENT DUE TO COMBUSTION

The amount of water normally present in the atmosphere far ex-

ceeds that produced by combustion. Consider the combustion of F, a

typical fuel load F (F = 10 kg/m 2 ). The hydrogen content of urban

fuels is approximately 5 percent by mass, slightly higher (- 6.5

percent) for cellulose. The molecular weight of hydrogen is 1 and

that of oxygen is 16. A 5 percent hydrogen content, when combined

with atmospheric oxygen, results in water due combustion of 0. 45 F.

Assume that the water produced at the surface is lofted relatively

slowly at vertical velocity v (v = 3 mls), so as to maximize water

vapor density, and that it fills a volume directly above the surface

where it was produced. If the fuel is completely consumed in time

t = 1 h, then the water vapor density Pv in the column above the site

of combustion is

P = 0.45 F/v/t = 4.2 x 10 - 4 !g H 0 (24)
combustion m3

Now consider the atmospheric water vapor density for a low rela-

tive humidity (20 percent), so as to minimize the atmospheric water

vapor density. The relative humidity is the ratio of ambient mixing V

ratio w to the saturation mixing ratio ws:

mixing ratio = _ e = 0.2, (25)

W eUs s

where e and e s are the ambient and saturation vapor pressures, respec-

tively.
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At 200C,

2 2
e S(200 C) =23.373 x10 N/rn (26)

and

e = 4.68 X 10 2 N/rn2  b

Pvambient = R vT ('46u J/kg/K) (293 K)'

= 3.5 x 103 kg/rn 3 (27)

Thus, even under extreme conditions, the atmospheric water vapor

density exceeds that produced by combustion by an order of magnitude.

.0I
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